Rab-interacting lysosomal protein (RILP) is a regulator of late stages of endocytosis. Recent work proved that depletion of RILP promotes migration of breast cancer cells in wound healing assay, whereas its overexpression influences re-arrangements of actin cytoskeleton. Here, we further characterized the role of RILP in cell migration by analyzing several aspects of this process. We showed that RILP is fundamental also for migration of lung cancer cells regulating cell velocity. RILP silencing did not affect Golgi apparatus nor microtubules reorientation during migration. However, both RILP over-expression and expression of its mutated form, RILP-C33, impair cell adhesion and spreading. In conclusion, our results demonstrate that RILP has important regulatory roles in cell motility affecting migration velocity but also in cell adhesion and cell spreading.
Introduction
Rab-interacting lysosomal protein (RILP) is a key regulatory protein of the endocytic pathway. 1,2 RILP regulates late stages of endocytosis being the downstream effector for the small GTPases Rab7a and Rab34. 1, 3, 4 In particular, GTP-bound Rab7a recruits on late endosomal and lysosomal membranes RILP, which in turn recruits the dynactin/p150Glued subunit of the dyneindynactin motor complex, responsible for transport of Rab7a-positive vesicles toward the minus end of microtubules. 2 In fact, RILP and Rab7a control together lysosomal distribution and morphology, and are required for the proper degradation of a number of molecules inside lysosomes. 1, [3] [4] [5] Endocytosed molecules destined for degradation are sorted to degradative compartments, late endosomes and lysosomes, through multivesicular bodies (MVBs), endosomal organelles that contain multiple intraluminal vesicles (ILVs). Several proteins, belonging to different endosomal sorting complexes required for transport (ESCRTs), are responsible for sorting of proteins into (ILVs). 6 RILP is fundamental for the biogenesis of MVBs. 3, 7, 8 Indeed, RILP interacts and mediates the membrane recruitment of the mammalian counterpart of VPS22 and VPS36, two components of ESCRT-II. 3, 7, 8 Increasing evidence proves a role for a number of Rab proteins in the regulation of different steps of cell migration, such as cell adhesion, Golgi complex reorientation, cytoskeleton rearrangements and trafficking of adhesion molecules. [9] [10] [11] [12] [13] [14] [15] Alterations of migration play a key role in diseases such as, for instance, cancer. 16 Notably, RILP has been associated with the suppression of invasion in prostate cancer cells. 17, 18 Moreover, it has been recently demonstrated that RILP expression is lower in highly invasive cells and that RILP silencing promotes migration and invasion of breast cancer cells, whereas RILP overexpression suppresses migration. 19 Although it has been observed that RILP affects actin cytoskeleton by interacting with Ral guanine nucleotide dissociation stimulator (RalGDS), a regulator of RalA, 19 how RILP affects cell motility and other aspects of cell migration has not been studied.
The aim of the present study was to better characterize the role of RILP in cell migration and we demonstrated that RILP affects migration velocity and regulates cell adhesion and spreading.
Materials and Methods

Cells and reagents
NCI H1299 cells (ATCC CRL-5803; human lung carcinoma) were cultured in Dulbecco's modified Eagle medium (DMEM) containing 10% FBS, 2 mM Lglutamine, 100 U/ml penicillin and 10 mg/ml streptomycin in 5% CO 2 incubator at 37°C and confirmed to be contaminationfree. Chemicals were from Sigma-Aldrich. Tissue culture reagents were from Sigma-Aldrich (St. Louis, MO, USA), Gibco (Waltham, MA, USA), Lonza (Basel, Switzerland) and Biological Industries (Cromwell, CT, USA).
Plasmids and antibodies
PEGFP, pEGFP-RILP, pEGFP-RILP-C33, pCDNA3_2XHA, pCDNA3_2XHA-RILP and pCDNA3_2XHA-RILP-C33 have been described previously. [20] [21] [22] Rabbit polyclonal anti-HA (1:500, ab9110) and antigiantin (1:1000, ab24586) were from Abcam (Cambridge, UK). Mouse monoclonal antitubulin (1:500 for immunofluorescence analyses, 1:10000 for immunoblot analyses, T5168) was from Sigma-Aldrich. Rabbit anti-RILP polyclonal antibody (1:100) has been described previously. 1 
Transfection and RNAi
Transfection was performed using Metafectene Pro from Biontex or Lipofectamine 2000 from Invitrogen as indicated by the manufacturers. Cells were analyzed after 24 h of transfection. For RNA interference, small interfering RNAs (siRNAs) were purchased from MWG-Biotech. Transfection of cells with siRNA was performed using RNAiMAX from Invitrogen following the manufacturer's instructions. RILP siRNA efficiency in silencing was reported previously: 22 sense sequence 5'-GAUCAAGGCCAAGAUGU-UATT-3' and antisense sequence 5'-UAA-CAUCUUGGCCUUGAUCTT-3'. As a negative control we used a control RNA: sense sequence 5'-ACUUCGAGCGUG-CAUGGCUTT-3' and antisense sequence 5'-AGCCAUGCACGCUCGAAGUTT-3'.
Wound-healing assay
Confluent monolayers of control or RILP-depleted NCI H1299 cells were subjected to wound-healing assay as previously described. 13 Cells migrating toward the wound were imaged every 30 min over a 8 h time period with a 20X objective on an Olympus Fluoview 1000 IX-81 inverted confocal laser scanning microscope. Cell nuclei were tracked by using the Manual Tracking plugin of ImageJ software (National Institutes of Health) and cell migration parameters were calculated by using the Chemotaxis and Migration Tool software (Ibidi).
Cell adhesion assay
Cells transfected with various expression plasmids or siRNA were subjected to cell adhesion assay as described, 23 after checking transfection efficiency. Briefly, cells were trypsinized and seeded in equal number into 96-well plates coated previously with 20 µg/mL fibronectin. Cells were incubated for different times, then washed with PBS and fixed. Cells were imaged with a 10X objective on a IncuCyte Zoom System.
Cell spreading assay
Cells were seeded onto fibronectin-coated coverslips (BD Biosciences) and after 30 minutes were fixed with 3% paraformaldehyde, permeabilized with 0.25% saponin in PBS and stained with anti-HA antibody, Rhodamine-conjugated phalloidin and Hoeschst 33258. Samples were then observed using an Olympus FluoView FV1000 microscope. Cell areas were calculated by using ImageJ software.
Golgi reorientation measurements
Confluent monolayers of control and RILP-depleted cells were subjected to wound-healing assay. After a 3-h incubation at 37°C under 5% CO 2 cells were permeabilized with 0,25% saponin in PBS, fixed with 3% paraformaldehyde and stained with antigiantin antibody, Rhodamine-conjugated phalloidin and Hoeschst 33258. Cells were observed with a 63X PlanApo NA 1.42 objective on an Olympus FluoView FV1000 microscope with the FV1000 software. Cells with the Golgi complex localized at the side of the cell facing the wound were considered polarized.
Live imaging
NCI H1299 cells were grown on
MatTek glass-bottomed dishes and incubated in DMEM without phenol red at 37°C under 5% CO 2. Live cells were observed with a 63X PlanApo NA 1.42 objective on an Olympus IX-71 microscope equipped with a CSU22 spinning-disk confocal unit (Yokogawa), an Ixon EMCCD camera (Andor) and the Andor iQ1.8 software.
Western blot experiments
NCI H1299 cells were lysed with lysis buffer (25 mM Hepes, 125 mM potassium acetate, 2,5 mM magnesium acetate, 5 mM EGTA, 1 mM DTT, 0,5% Igepal CA-630 (NP-40), pH 7,2) plus protease inhibitor cocktail (Roche). Lysates were loaded onto SDS-PAGE gels, transferred onto polyvinylidene fluoride (PVDF) membrane from Millipore and probed with the specific primary antibodies diluted in 2% blotting grade non-fat dry milk (Bio-Rad) in PBS followed by HRP-conjugated secondary antibodies. Proteins were visualized by using the ECL system (GE Healthcare).
Statistical analysis
Data were statistically analyzed by using Student's t-test (GraphPad Prism4 software). Statistical significance is indicated as follows: *P<0.05, **P<0.01 and ***P<0.001. Assays were performed at least in triplicate, error bars represent SEM.
Results
RILP affects cell velocity and accumulated distance of migrating cells
It has been recently shown that RILP depletion in MCF7 (breast adenocarcinoma) cells causes a faster closure of the wound in wound-healing assay demonstrating a role of RILP in cell migration. 19 In order to better characterize this role of RILP and to investigate if this is restricted to breast cancer cells we performed a woundhealing assay on NCI H1299 (lung carcinoma) cells transfected with either control RNA or siRNA against RILP. Confluent monolayers of cells were scratched with a pipette tip and migrating cells were imaged at time intervals of 30 min over an 8-h time period. We confirmed the role of RILP in cell motility as in RILP-depleted NCI H1299 cells migrated faster than control cells ( Figure 1A ; Supplementary Movie 1), proving that the role of RILP in migration is not cell-specific as it affects cell migration both in breast and lung cancer cells. Then, we evaluated several migration parameters such as velocity, accumulated distance, Euclidean distance and directness in order to better understand the effect of RILP on cell motility (Figure 1 B-E). Interestingly, upon RILP-depletion, cells speeded up of about 21% compared to control cells ( Figure 1B ). In accordance with this data, we observed a similar increase in the accumulated distance (of about 24%), which is the total distance that cells travelled in a certain amount of time, whereas Euclidean distance and directness were not affected upon RILP silencing ( These data demonstrate that RILP regulates cell motility modulating cell velocity but not directness.
RILP depletion does not alter Golgi apparatus reorientation
Cell polarity is essential for directional migration and it is characterized by cytoskeleton rearrangements, positioning of the nucleus and reorientation of the Golgi complex and the microtubule-organizing center (MTOC) into the direction of the wound. 24 Therefore, we evaluated a possible role of RILP on cell polarization by measuring the reorientation of the Golgi complex towards the leading edge. As suggested by the fact that directness was not affected by RILP silencing ( Figure 1E ), RILP depletion did not interfere with cell polarization and, in particular, with the Golgi apparatus reorientation ( Figure 2A ). In fact, about 80% of cells had the Golgi apparatus correctly oriented between the nucleus and the leading edge in both control and RILP-depleted cells ( Figure 2B ).
RILP does not influence microtubule cytoskeleton rearrangements
The reorganization of actin and microtubule cytoskeleton is fundamental during cell migration. 25, 26 Wang and coworkers demonstrated that RILP regulates the rearrangements of actin cytoskeleton 19 and we confirmed this data in NCI H1299 cells expressing GFP-RILP ( Supplementary  Figure 1 ). However, nothing is known about the role of RILP on microtubules in migrating cells. Interestingly, RILP regulates microtubule minus-end directed transport of vesicles through the interaction with the dynactin/dynein complex. 2, 27 Therefore, we investigated whether RILP could affect microtubule organization during cell migration. As shown in Figure 3 , control migrating cells showed oriented microtubules, and we did not detect any visible alteration of microtubule cytoskeleton in migrating cells silenced for RILP ( Figure 3A-B) . As RILP over-expression suppressed cell migration, 19 we investigated whether the expression of GFP-RILP could cause a defect in microtubule cytoskeleton rearrangements. However, the percentage of migrating cells with oriented microtubules was approximately 70% for both control and RILPoverexpressing cells (Figure 3 C-D) . Moreover, RILP depletion did not affect tubulin filament dynamics (Supplementary Movie 2).
RILP modulates cell adhesion and spreading
We further investigated the role of RILP in cell migration by analyzing the effect of RILP on cell adhesion and spreading. As Rab proteins control the trafficking of adhesion molecules 28 and RILP interacts with Rab7a, we evaluated the effect of the expression of either exogenous RILP or its truncated form, RILP-C33, on cell adhesion and spreading. RILP-C33 retains the Rab7a-interacting domain but not the N-terminal half of the protein containing the domains responsible for the interaction with RalGDS and the dynein-dynactin complex. 1, 2, 19 Firstly, we evaluated a possible effect of RILP overexpression or silencing on cell adhesion. NCI H1299 cells transfected with GFP, GFP-RILP or GFP-RILP C33 were detached, suspended and replated on fibronectin-coated plates. Transfection efficiency was similar for the three samples. After 15, 30 and 60 min of incubation, unattached cells were removed by washing and attached cells were fixed and imaged ( Figure 4A) . Interestingly, the number of attached cells was decreased when GFP-RILP or GFP-RILP C33 were expressed compared to GFP-expressing cells ( Figure   4B ). In particular, after 15 and 30 min, adhesion was decreased of about 35% or 45% upon expression of GFP-RILP or GFP-RILP C33 compared to GFP-expressing cells, respectively. In contrast, cell adhesion was not affected by RILP depletion (Supplementary Figure 2) .
Given the role of RILP in cell adhesion, we studied the ability of control and RILP expressing cells to spread out on fibronectin-coated coverslips in 30 min by staining with rhodamine-phalloidin, and then we quantified the average cell area. Interestingly, overexpression of RILP or expression of the truncated RILP-C33 mutant determined a lower ability to spread compared to control cells ( Figure 5A ). In fact, the average cell area of control cells, both untransfected (data not shown) or transfected with the pCDNA3_2xHA vector was about 230 µm 2 , whereas HA-RILP and HA-RILP-C33 expressing cells had an average cell area of about 134 µm 2 . Therefore, expression of HA-RILP or of HA-RILP-C33 determined a decrease in the average area of about 42% ( Figure 5B ). Analysis of untransfected and transfected cells within the same sample produced sim-
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Figure 1. RILP silencing affects cell velocity and accumulated distance in migrating cells. NCI H1299 cells transfected with control RNA or with RILP siRNA were imaged every 30 min over an 8-h period during a wound-healing assay. A) Images refer to the initial time point (0 h) or after the closure of the wound (8 h); on the right panel the migratory tracks of 60 representative cells are shown for control and RILP-depleted cells; scale bars: 50 µm. Migration velocity (B), accumulated distance (C), euclidean distance (D) and directness (E) have been quantified and relative graphs are shown. Data represents the mean ± SEM of four independent experiments (n=60). F) Lysates of control and RILPdepleted NCI H1299 cells were subjected to western blot analysis using anti-RILP and anti-tubulin antibodies. G) Quantification of RILP abundance. The values represent the mean ± SEM of three independent experiments.
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[page 121] ilar results (data not shown). Moreover, we also tested the effect of RILP silencing on NCI H1299 cells but we did not observe any effect on cell spreading ( Supplementary  Figure 3) .
These data demonstrate that RILP influences cell adhesion and spreading on fibronectin and this might involve Rab7a but not RalGDS or dynactin as neither RalGDS, which has been linked to RILP-mediated role in migration and invasion of breast cancer cells, nor dynactin, which might modulate tubulin cytoskeleton rearrangements, can interact with RILP-C33.
Discussion
Cell migration is a process of extreme importance for cells and it consists of several integrated and highly regulated events such as cytoskeleton rearrangements, asymmetric polarization, cell adhesion and spreading. 24 RILP regulates, together with Rab7a, late endocytic trafficking but recently its role in cell migration has been highlighted. [1] [2] [3] [4] 8, 19 In fact, using wound-healing assay on a breast cancer cell line, it was demonstrated that RILP silencing fosters the closure of the wound, 19 and therefore we decided to better characterize the role of RILP in cell migration.
Firstly, we demonstrated that RILP silencing speed up the closure of the wound also in NCI H1299 lung cancer cells ( Figure  1A; Supplementary Movie 1) . This is interesting considering that alterations of migration are found in cancer cells and that also Rab7a regulates migration. 14 In particular, Rab7a seems to favor or suppress cancer progression depending on the cell type or district of tumor. 17, 29, 30 Indeed, Rab7a oncosuppressing role has been demonstrated in prostate cancer cells where its depletion affected lysosome localization, increasing tumor cell invasion. 17, 30 Conversely, Rab7a is upregulated in melanoma promoting cell proliferation. 29 Thus, also alterations of RILP expression could impact on migration and invasive properties of cancer cells.
In RILP-depleted cells, velocity of cells increased compared to control cells ( Figure  1B) , however directness, which measures the ability of cells to move in a persistent manner toward the direction of migration, was not affected ( Figure 1E) . Therefore, the effect on the faster closure of the wound in NCI H1299 cells is the result of a higher velocity of cells. RILP does not seem to have a role on cell polarization, although other proteins involved in vesicular trafficking, such as Rab7b, have been shown to regulate this process. 13 Indeed, RILP depletion did not affect the correct orientation of the Golgi complex ( Figure 2 ). This result is in line with our data on directness ( Figure 1E ) as cell polarization is important for directional migration.
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Another important event during migration is the reorganization of cytoskeletal components, in particular actin filaments and microtubules, that favor cell migration. 26, 31 It has been demonstrated that RILP overexpression decreased the formation of stress actin fibers and cortical actin in breast cancer cells by interacting with RalGDS and acting indirectly on RalA. 19 Here, we demonstrated that expression of GFP-RILP affects actin cytoskeleton reorganization also in lung cancer cells ( Supplementary  Figure 1 ). Dynein and dynactin are enriched at the leading edge during cell migration and their inhibition interferes with the reorientation of the microtubule network. 2, 32 As RILP interacts with the dynein-dynactin complex, we investigated whether modulation of RILP expression could alter microtubule rearrangements and we demonstrated that neither RILP silencing nor overexpression affect orientation or distribution of microtubules (Figure 3 ), suggesting that the role of RILP in cell migration does not involve the dynein-dynactin complex. In line with these data, we demonstrated that silencing of RILP does not affect microtubule dynamics through live imaging analysis ( Supplementary Movie 2) .
Cell adhesion to the extracellular matrix is another important step of cell migration regulated by numerous Rab GTPases. For instance, Rab7b controls cell adhesion and spreading by regulating actin filaments. 13 Also, Rab1a knockdown inhibits adhesion and spreading on fibronectin, a component of the extracellular matrix, whereas Rab4 affects adhesion and spreading on vitronectin. 11, 33 Furthermore, we recently demonstrated that Rab7a controls cell migration by influencing adhesion and spreading on fibronectin. 14 Here, we demonstrated that also RILP plays a role in cell adhesion and spreading to fibronectin. Indeed, RILP overexpression decreased the adhesion and spreading on fibronectin compared to control cells (Figures 4 and 5) . Moreover, expression of the truncated form of RILP, RILP-C33, which consists of the amino acids 217-401 containing the Rab7a binding domain, decreased cell adhesion and spreading similarly to the wild type protein. These data suggest that the role of RILP in cell adhesion is not mediated by the interaction with either dynactin or RalGDS, as the RILP domains responsible for these interactions are contained in the first 198 aminoacids, not present in RILP-C33. 2, 19 Notably, while RILP over-expression negatively affects these processes (Figures 4 and  5) , its lack does not improve these steps ( Supplementary Figures 2 and 3 ). This fact could be due to the presence of limiting factors that prevent the possibility of increasing adhesion and indicates that the increase velocity of cell migration in the woundhealing assay caused by RILP silencing (Figure 1; Supplementary Movie 1) is not due to changes in adhesion or spreading.
Cell migration and cell adhesion and spreading are strictly related processes. In fact, for instance, alterations of molecules involved in adhesion, such as integrins, affect both adhesion and motility as a good balance between attachment and detachment is necessary for cell movement. 34, 35 However, few works have highlighted how alterations of a single protein could affect different aspects of cell migration through independent mechanisms. 36 For instance, two different domains of E-cadherin are responsible for cadherin-mediated adhesion and cell motility. 36 Wang and colleagues have previously shown that RILP regulates the invasion of breast cancer cells by interacting with RalGDS and, consequently, impairing RalA activity and actin filaments rearrangements. 19 Therefore, the effect of RILP silencing on cell velocity could be mediated by RalGDS. However, RalGDS does not interact with the mutated form of RILP, RILP-C33 that affects adhesion and spreading. Therefore, we suggest that RILP could affect cell motility and cell adhesion and spreading through different mechanisms involving different players. Indeed, as RILP-C33 does not interact with the dynactin-dynein complex, and does not affect tubulin filaments rearrangements during migration ( Figure  3 ), another RILP interactor could be responsible for the effect on cell adhesion and spreading mediated by RILP. RILP-C33 is able to interact with Rab7a, which has been recently shown to have a role in cell spreading, 14 therefore this small GTPase could be involved in the regulation of cell adhesion and spreading mediated by RILP.
The fact that Rab7a positively regulates migration while its effector RILP negatively regulates it gives rise to different hypothesis. Rab7a and RILP could regulate migration independently using different mechanisms and the migration outcome could be the result of the opposite contribution of the two proteins. Alternatively, as recently demonstrated for a newly discovered regulation mechanism of V-ATPase mediated by RILP, 22, 37 the interaction between Rab7a and RILP could modulate the availability of RILP (or of Rab7a) to regulate migration.
Altogether, our data demonstrate the importance of RILP in regulating cell velocity during migration but also in cell adhesion and spreading. Further work will be required to establish the exact molecular mechanism underlying these regulations, to identify possible other molecular players and to determine if the interaction with Rab7a is involved.
